Understanding the cause of the synchronization of population evolution is an important issue for ecological improvement. Here we present a Lotka-Volterra-type model driven by two correlated environmental noises and show, via theoretical analysis and direct simulation, that noise correlation can induce a synchronization of the mutualists. The time series of mutual species exhibit a chaotic-like fluctuation, which is independent to the noise correlation, however, the chaotic fluctuation of mutual species ratio decreases with the noise correlation. A quantitative parameter defined for characterizing chaotic fluctuation provides a good approach to measure when the complete synchronization happens.
nature disasters and epidemics. For example, epidemics can lead one kind of species in a mutualism system as well as another to death synchronously, thus it is reasonable to suppose that the population fluctuations of the two species of mutualism system are correlated.
Mutualism is an association between two species that benefits both. For example, Van der Heijden et al. (1998) have argued that mycorrhizal fungi determine plant species diversity. As the number of fungal species per system was increased, so the collective biomass of shoots and roots increased, as did the diversity of plant community. Namely the number of two species has a positive linear relationship, indicating a synchronous fluctuation. For this reason, we focus on the LotkaVolterra-type two-species model with correlated stochastic components. The noise correlation we will consider here induces some novel synchronous phenomena in a mutualism ecosystem that are not found before. Our main methods will be expected to have applicability to other ecosystems, since they have been also of similar correlations of two populations.
Additionally, noise-induced chaos is observed in many experimental and theoretical situations (Miller and Greeberg 1992; Kovanis et al. 1995; Ruiz 1995; Gao et al. 1999; Jing & Yang 2006) .
Can noise induce chaos in a mutualism ecosystem? How does this happen? When is the chaos synchronization? In this paper, we will give physical explanations for these problems.
Mutualistic relationships can be modeled with equations similar to the Lotka-Volterra competition equations.
where γ 1 and γ 2 are the positive effects of species y on species x and of species x on species y, respectively. r 1 and r 2 are respectively growth rate of species x and that of species y. k 1 , k 2 are the parameters related to carrying capacities while one of the mutualists is alone. Due to environmental noise like epidemics, natural disasters and adventitious species, realistic mutualism systems do not follow the solutions of the above deterministic differential equations exactly. The simplest way to include these environmental noises is to add stochastic terms to the above deterministic differential equations and the equivalent stochastic differential equations are
where ξ(t) and η(t) are referred to as the birth rate fluctuations of species x and those of species y, respectively. Consider the synchronization of the two fluctuations, we define them as correlated noises. They are Gaussian white noises satisfying
in which M x , M y are the intensities of noises; λ, ranges from zero to one, denotes the correlation coefficient between ξ(t) and η(t), i.e., the correlation degree between species x and species y. When λ equal zero, the growth rate fluctuations of species x and those of species y are independent. When λ equal 1, their growth rate fluctuations are completely correlated. δ(t−t ′ ) is a Dirac delta function under different moments.
In the absence of noises, it can be shown that the system has a stable equilibrium state (x 0 ,
, describes a limit point of system (Stiling 2002) . For the sake of simplicity, we set k 1 =k 2 =r 1 =r 2 =1 and γ 1 =γ 2 =0.5. Figure 1 shows that the system can lead to a stable point where the isoclines cross. In the presence of noises, we define quantitative parameters, i.e., the mean population densities of the mutualists, which are useful to display the influences of noises on the mutualism ecosystem. The mean population densities of the mutualists are respectively written as
and their variances are σ 2 x = x 2 − x 2 and σ 2 y = y 2 − y 2 , respectively. Here p(x, y) is the joint stationary probability distribution of species x and y satisfying ∞ 0 ∞ 0 p(x, y)dxdy = 1. The equivalent stationary Fokker-Planck equations of Eqs. (3) and (4) can be derived and the joint stationary probability distributions can be obtained for two independent noises (Cai and Lin 2004). However, they are far difficult to be solved for correlated noises, here we obtain the joint stationary probability distributions of the population densities of the mutualists via a direct simulation of Eqs.(3) and (4) (Zhong et al. 2006 ).
To describe noise-induced chaos and the relationship between chaos and synchrony, we need to define chaos carefully. For example, given the time series {x(t)}, an m-dimensional phase portrait is reconstructed with delay coordinates, i.e., a point on the attractor is given by {x(t), x(t + τ ), ..., x(t + [m − 1]τ )}, with m being the embedding dimension and τ being the delay time (here FIG. 1: Graphic model of the mutualism ecosystem is based on modified Lotka-Volterra equations for k 1 =k 2 =r 1 =r 2 =1 and γ 1 =γ 2 =0.5. There is a stable equilibrium point.
we choose m = 2,and τ = 2) (Wolf et al. 1985; Gao et al. 1999) . We denote the initial distance between these two points L(t 0 ). At a later time t 1 , the initial length will have evolved to length L ′ (t 1 ). Using Wolf method, we can give lyapunov exponent as following
in which N is total number of replacement steps.
It is comprehensible that noises can induce instability. Figure 2(a) illustrates that the populations of species x and those of species y driven by environmental noise are instable. However, when the noise correlation increases, shown in Figs.2(b) and 2(c), more and more populations of species x and those of species y concentrate on a line in which the ratio of species y to species x is constant. When the correlation equals 1, the ratio of species y to species x is independent on the noise, i.e., the population fluctuations of species y and those of species x are synchronization.
This extreme situation can be analyzed from the Eqs. (4) for it, we obtain d
Considered a steady solution disorder time series with correlation can exhibit an order behavior, and the synchronization in a mutualism ecosystem happens at the lyapunov exponent equals zero.
In summary, the environmental noise correlation can cause a synchronous fluctuation in mutualism ecosystems, and this synchronous fluctuation can be characterized by the lyapunov exponent.
If environmental noise correlation originates from the correlation degree of the mutualists, our main results illustrate that the mutualism ecosystems with closer relationship have more stable evolutions. This is a helpful illumination for ecologists to study ecosystem balance.
